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Expression of nitric oxide synthase in kidney macula densa cells. The
distribution of nitric oxide synthase (NOS), the enzyme by which NO is
generated from L-arginine, was investigated in rat kidney. The indirect
immunofluorescence technique using a polyclonal antibody against type
I NOS was applied, followed by the histochemical NADPH diaphorase
staining technique on the same sections in order to demonstrate the
enzymatic activity of NOS. Macula densa cells were strongly stained by
both techniques, demonstrating abundant NOS in the cytoplasm of
these cells. In addition, these findings were confirmed by nonradioac-
tive in situ hybridization, thus demonstrating the corresponding mes-
senger RNA in macula densa cells as well. Our findings provide the
morphological basis for a possible role of NO as a mediator substance
in signal transfer from distal tubular fluid to glomerular arterioles.
Nitric oxide (NO) acts as a signal molecule in the vasculature
and the central nervous system, with soluble guanylate cyclase
serving as the first intracellular component of the effector
system [1—31. NO is generated from L-arginine by the constitu-
tive type I nitric oxide synthase (NOS), a Ca2/ca1modulin-
dependent enzyme [4].
We investigated the distribution of NOS in rat kidney at the
protein and mRNA level. The present report describes the data
concerning the juxtaglomerular apparatus.
Immunolabeling of NOS
For immunocytochemical staining of NOS, antiserum against
type I NOS purified from porcine cerebellum [5] was applied
overnight at room temperature in dilutions ranging from 1:1000
to 1:2000. After thorough rinsing with PBS FITC-conjugated
anti-rabbit IgG (1:100) was applied for one hour. After washing
with PBS sections were mounted in 50% glycerol in PBS and
examined by epifluorescence microscopy. The specificity of the
antibody reaction was verified by preabsorption with purified
NOS from porcine cerebellum, which completely abolished
immunoreactivity.
Histochemical demonstration of NADPH diaphorase activity
of NOS
The catalytic activity of NOS was demonstrated by enzy-
matic oxidation of nitro blue tetrazolium (NBT) in the presence
of NADPH [6]. For this purpose, slides were washed in PBS
and incubated for 30 to 60 minutes at 37°C in 0.1 M phosphate
buffer containing 0.3% Triton X-100, 0.01% NBT, and 0.1%
f3-NADPH. After replacing of NADPH by NADH no reaction
product was found.
In situ hybridization for NOS mRNA
Methods
Tissue for immunocytochemistry and histochemistry
Rat kidneys were fixed by perfusion via the abdominal aorta
with 3% paraformaldehyde in phosphate buffered saline (PBS;
perfusion time 5 mm; perfusion pressure 220 mm Hg) followed
by perfusion with cryoprotectant sucrose-PBS solution (800
mOsmol for 5 mm). Slices of kidneys were frozen in isopentane
cooled by liquid nitrogen to —160°C. Cryostat section (7 xm)
were thaw-mounted onto chrome gelatin-coated glass slides and
air dried.
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To generate the hybridization probes, a XhollXba fragment of
rat brain nitric oxide synthase clone (derived from a cDNA
clone provided by Dr. S.H. Snyder, Baltimore, Maryland,
USA) was subcloned into Bluescript SK transcription vector to
generate antisense cRNA probe using a T3 promotor site, and
to generate sense mRNA probe using a T7 promotor site. The
plasmids were linearized using either Xhol to generate antisense
RNA or Xba to obtain a template for labeling of the sense
probe. The size of the template was 862 base pairs. Digoxigenin
labeling of the probe by incorporation of digoxigenin-UTP was
carried out by in vitro transcription using a nonradioactive
nucleic acid detection kit (Boehringer Mannheim, Germany).
After labeling, probes were subjected to alkaline hydrolysis in
40 mM NaHCO3/60 m Na2CO3 for 45 minutes at 60°C. For in
situ hybridization, kidneys from untreated male Sprague-Dawley
rats mice were excised under ether anesthesia and quick-frozen in
isopentane cooled by liquid nitrogen. Cryostat sections were cut
at 7 pm thickness and mounted on poly-L-lysine-coated glass
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Fig. 1. Localization of NOS at the juxtaglomerular apparatus of rat
kidney. A double labeling technique shows the same cells (a) immuno-
cytochemically stained with a polyclonal antiserum against type I NOS
and (b) histochemically stained for NOS enzymatic activity. Staining
corresponds to the macula densa cells of the thick ascending limb of
Henle's loop (arrow) contacting the parent glomerulus (G), x800.
slides. Slides were fixed for 10 minutes in 4% buffered para-
formaldehyde and air dried. The hybridization procedure in-
cluding the washing steps was essentially as described [7],
except that DTT was omitted in the hybridization mix. Probe
concentration was between I and 5 ng/d hybridization mix.
Washing was carried out at 53°C for 3.5 hours with a final high
stringency wash at 0.1 x SSC containing 50% formamide. After
brief washes in 0.5x and 0.2x SSC without formamide, sec-
tions were incubated with alkaline phosphatase-conjugated
anti-digoxigenin antibody (dilution 1:500) at 4°C overnight.
Subsequent color development was performed according to the
commercial kit protocol with a developing time of two to four
hours. Slides were mounted in 50% glycerol in PBS and
examined in a Reichert Polyvar microscope equipped with
interference contrast optics.
Results
The distribution of NOS in rat kidney was investigated by
immunocytochemistry and histochemistry. In addition we ex-
amined the occurrence of NOS mRNA by in situ hybridization.
NOS was immunohistochemically labeled with a polyclonal
antiserum raised against the Ca2/calmodulin-dependent type I
Fig. 2. Digoxigenin-phosphatase-labeled in situ hybridization of NOS
mRNA expression in the rat kidney using a rat brain NOS riboprobe in
rat kidney cryostat sections. (a) The macula densa of a glomerulus (G)
strongly expresses NOS mRNA; thick ascending limb of Henle's loop
(arrow); extraglomerular mesangium (arrowhead). (b) Another glomer-
ulus from the same tissue hybridized with the control sense probe
shows absence of label at the macula densa. Interference contrast
optics, x410.
NOS derived from porcine cerebellum. Enzymatic activity of
NOS was assessed histochemically using the NADPH diapho-
rase technique, a method based on the ability of NOS to
generate oxidized nitro blue tetrazolium in the presence of
NADPH. With both techniques the enzyme could be precisely
localized to macula densa cells of the juxtaglomerular apparatus
(Fig. 1). Other NOS-positive structures, for example, vascular
endothelia, demonstrated much less intense labeling with either
technique. Using a double labeling protocol with the immuno-
histochemical reaction applied first (Fig. la) followed by en-
zyme histochemistry (Fig. ib) on the same tissue sections, we
were able to show colocalization of immunoreactivity and
enzymatic activity. All maculae densae encountered in several
sections (from 3 animals) were positive; NOS was uniformly
distributed throughout macula densa cell cytoplasm. Likewise,
in situ hybridization histochemistry using a digoxigenin-labeled
cRNA probe revealed strong labeling of NOS mRNA in macula
densa cell cytoplasm (Fig. 2a). Apart from the macula densa no
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was probably due to a low sensitivity of the detection system. A
control hybridization with a sense mRNA strand showed no
staining at all in renal tissue (Fig. 2b).
Discussion
The present study examines the distribution of nitric oxide
synthase in the rat kidney by three different approaches (immu-
nocytochemistry, enzymatic activity and mRNA expression).
All three techniques revealed the strongest signals for NOS in
the macula densa cells of the JGA, whereas in vascular endo-
thelia only a comparably weaker signal was found (unpublished
observation). Our findings suggest that macula densa cells may
produce considerable amounts of NO. In target cells NO
stimulates soluble guanylate cyclase, generating cGMP from
GTP [1, 2, 81. In the afferent arteriole NO/cGMP acts as a
vasorelaxant [9, 10]. In other studies the main effect of NOS
inhibition was observed in the efferent arteriole [11]. Discrepant
data—inhibition [12], and stimulation [13, 141—concerning the
effect of NO on renin secretion from granular cells have been
published. No information on possible effects of cGMP on the
extraglomerular mesangial cells is available. We hypothesize
that NO generated from macula densa cells diffuses across the
avascular space of the extraglomerular mesangium and may
influence the vascular tone of the afferent and/or the efferent
arteriole. Renin secretion from granular cells might be en-
hanced by NO [14].
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